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Edited by Lev KisselevAbstract Archaeal prolyl-tRNA synthetases diﬀer from their
bacterial counterparts: they contain an additional domain (about
70 amino acids) appended to the carboxy-terminus and lack an
editing domain inserted into the class II catalytic core. Biochem-
ical and structural approaches have generated a wealth of infor-
mation on amino acid and tRNA speciﬁcities for both types of
ProRSs, but have left a number of aspects unexplored. We
report here that the carboxy-terminal domain of Methanocaldo-
coccus jannaschii ProRS is not involved in tRNA binding since
its deletion only mildly aﬀects the kinetic parameters for the
enzyme. We also demonstrate that M. jannaschii ProRS is a
homodimeric enzyme that is functionally asymmetric; only one
of the two active sites at a time is able to form prolyl-adenylate,
and only one tRNA molecule binds per dimer. Together with
previous reports our results show that asymmetry might be a
general feature of the aminoacylation reaction catalyzed by
dimeric aminoacyl-tRNA synthetases from both classes.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Aminoacyl-tRNA synthetases catalyze the formation of ami-
noacyl-tRNA, a key substrate for the protein synthesis machin-
ery [1]. The aminoacylation reaction is a two step process in
which the cognate amino acid is ﬁrst activated in presence of
an ATP molecule to form an aminoacyl-adenylate and subse-
quently transferred to one of the two 3 0 terminal hydroxyls of
thematching tRNA.Aminoacyl-tRNA synthetases are grouped
in two diﬀerent classes based on structural and biochemical cri-
teria [2,3]. Class I synthetases share a Rossmann fold active site
while the class II enzymes are characterized by the presence of
three degenerate motifs. Most class I enzymes are monomeric
proteins while class II synthetases aremostly homo-dimers. Bio-*Corresponding author. Fax: +1 203 432 6202.
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mechanisms that govern the amino-acylation reaction. For
instance, kinetic analyses have shown that the active sites on
the two subunits of dimeric AARSs are often unable to perform
the amino acid activation step simultaneously. This functional
asymmetry, also known as half-of-the site reactivity, is a rather
common feature among dimeric AARSs [4–7], and was ﬁrst
demonstrated in Bacillus stearothermophilus tyrosyl-tRNA syn-
thetase [8]. The tRNA:AARS stoichiometry also varies. While
in some cases two tRNAswere found to bind per dimeric AARS
in a symmetric fashion, other reports indicate that some dimeric
AARSs will bind only one tRNA molecule at the time [9–12].
While the enzyme:substrate stoichiometries of a number of
dimeric AARS have been thoroughly investigated, this aspect
of the enzymatic mechanism has been ignored for some others,
like the class II ProRS. Clear features allow division into two
groups, a bacterial-type ProRS and an archaeal/eukaryotic-type
ProRS [13]. Archaeal and eukaryotic ProRSs are missing an
editing domain inserted within the catalytic core of most bacte-
rial ProRSs and, unlike the bacterial enzymes, possess an addi-
tional domain appended to the carboxy-terminus [14,15]. We
decided to focus our attention on archaeal prolyl-tRNA synthe-
tase and to investigate a possible function in RNA binding for
the carboxyterminal appended domain.2. Materials and methods
2.1. General
[3H]Proline (104 Ci/mmol), [14C]proline (242 mCi/mmol) and
[a-32P]ATP (10 Ci/mmol) were from Amersham Pharmacia Biotech.
The size exclusion Calibration kit was obtained from Amersham Phar-
macia Biotech. Nitrocellulose ﬁlters (0.45 mm) were from Schleicher &
Schuell. Plasmid T7-911 for preparation of the His6-tagged recombi-
nant T7 RNA polymerase was a gift from T. Shrader (Department of
Biochemistry, Albert Einstein College of Medicine, New York, NY).
2.2. Preparation of enzymes and tRNA transcripts
His6-tagged Methanocaldococcus jannaschii ProRSs (wild-type and
carboxy-terminus deletion mutant ProRSD50) as well as His6-tagged
Methanothermobacter thermautotrophicus ProRS puriﬁcations were
performed using the Ni-NTA technology as described before [16,17].
Enzyme concentrations were measured with Bradford solution (Bio-
Rad) using BSA as standard. Coomassie stained SDS–PAGE gels
showed the purity of the enzymes to be above 95%. For kinetic exper-
iments, concentrations were determined by active site titration.
Wild-type tRNAPro was prepared by in vitro T7 RNA polymerase
transcription as described previously [17]. The series of tRNAPro
transcripts used in Fig. 4 (wild-type and mutants) were prepared as
described in [18].blished by Elsevier B.V. All rights reserved.
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The reaction mixture contained 50 mM HEPES-KOH pH 7.0,
50 mM KCl, 15 mM MgCl2, 5 mM DTT, 10 mM ATP, 300 lM
[3H]proline, variable amount of M. jannaschii tRNA (0.5–15 lM, con-
centration judged by A260) and either M. jannaschii ProRS wild-type
(12 nM) or M. jannaschii ProRSD50 (12 nM) in a ﬁnal volume of
120 ll. Reactions were performed at 55 C. Aliquots of 20 ll were ta-
ken at diﬀerent time points and spotted on 3MM ﬁlters (Whatman) to
follow the formation of radioactive AA-tRNAs. Kinetic parameters
for aminoacylation of tRNAPro transcript were derived from iterative
nonlinear ﬁts using the Michaelis–Menten equation as a model.
Kinetic parameters represent an average of three independent experi-
ments. Standard errors on the values in Table 1, are less than 20%.
2.4. Size exclusion chromatography
The size exclusion Column (Shodex 803.5, 1 ml) was equilibrated in
buﬀer A (50 mM potassium phosphate pH 7.0, 500 mM NaCl, 5 mM
2-mercaptoethanol) and run at 1 ml/min. The calibration curve was
obtained by injection on the column of aldolase (158 kDa), BSA
(67 kDa) ovalbumin (43 kDa) and chymotrypsinogen A (25 kDa)
resuspended into buﬀer A to a concentration of 1 mg/ml. TheM. jann-
aschii ProRS and M. thermautotrophicus ProRS were dialyzed into
buﬀer A prior to injection onto the column. Kav was calculated as
the ratio (Ve  Vo)/(Vt  Vo), where Ve is the elution volume of a par-
ticular protein, Vt is the total volume of the column (Vt = 9 ml) and Vo
is the dead volume of the column (Vo = 5.7 ml). Kav was found to be
proportional to the log of the molecular weight of a given protein
(Kav = 5.72–0.94 log (Mw), R = 0.99).
2.5. Gel retardation experiments
The T7 RNA polymerase transcript of wild-type M. jannaschii
tRNAPro was radiolabeled at the 3 0 end by incubation of [a-32P]ATP
with yeast CCA-nucleotidyl-transferase in presence of 10 mM pyro-
phosphate in a 50 mM Tris–HCl pH 7.5 buﬀer as previously described
[19]. The radiolabeled tRNA was puriﬁed on a 12% polyacrylamide
8 M urea gel, extracted and desalted on a NAP-5 column (Amersham
Pharmacia Biotech). Conditions for the continuous variations method
were adapted from [20,21]. Constant amounts of radiolabeled tRNA
transcript (5000 cpm) were mixed with increasing amount of unlabeled
tRNA transcript and M. jannaschii ProRS in 50 mM HEPES–KOH
pH 7.0, 50 mM KCl and 15 mM MgCl2. The ﬁnal concentration in
tRNA transcript as well as the concentration in monomeric ProRS
varied from 0 to 50 lM. The sum of the tRNA concentration and
monomeric ProRS was maintained at a constant level of 50 lM. After
15 min incubation at room temperature, glycerol was added and the
samples were immediately loaded on a native 5% polyacrylamide gel
and run in TBE buﬀer overnight at 40 V at 4 C. The gel was then
exposed wet (at 80 C to prevent diﬀusion) to a phosphoimager
screen and analyzed using Image Quant software.
2.6. ProRS titration by ﬁlter binding assay
The ﬁlter binding assay was adapted from the original procedure [22]
and modiﬁed as described below. Freshly prepared ProRS (0.5, 1 or
2 lM) was incubated in ﬁlter binding assay buﬀer (FBAB 1·:
100 mM sodium phosphate pH 6.0, 50 mM KCl, and 50 mM MgCl2)
with varying concentrations (70 nM to 20 lM) of 3 0 radiolabeled
[32P]tRNAPro transcript (50000 cpm/pmol). After 5 min incubation,
30 ll aliquots were taken and ﬁltered on double layer ﬁlters of BA85
and Nytran (from Schleicher & Schuell and Pharmacia, respectively)
prequilibrated for 15 min in 1· FBAB and washed with 600 ll of 1·
cold FBAB. Filters were dried for 20 min at 65 C. The radioactivity
was monitored in a scintillation counter. Data presented in Fig. 2C
represents an average of at least three independent experiments.Table 1
Aﬃnity and kinetic parameters of prolylation of tRNAPro transcript
by wild-type and mutant ProRS
kcat (s
1) KM (lM) KD (lM)
ProRS Wt 1.6 2.2 1.5
ProRS D50 0.4 2.0 1.8
Kinetic parameters and dissociation constant were determined as de-
scribed in Section 2.2.7. Active site titration
The active site titration protocol was adapted from an original pro-
cedure described in [8]. M. jannaschii ProRS was incubated in enzyme
reaction buﬀer (EAP 1·: 100 mM Tris–HCl pH 7.5, 50 mM KCl, and
50 mM MgCl2), 1 mg/ml inorganic pyrophosphatase (Roche), 4 mM
ATP and 220 lM of [14C]proline (speciﬁc activity : 516 cpm/pmol) in
a ﬁnal volume of 140 ll. Prolyl adenylate:ProRS complex formation
was followed by spotting 30 ll of the reaction mix onto nitrocellulose
ﬁlters (BA85 from Schleicher & Schuell) at diﬀerent time points and
washing with cold 0.25· EAP. The ﬁlters were then dried for 25 min
at 65 C. The radioactivity was monitored in a scintillation counter.
Data presented in Fig. 3 represent an average of three independent
experiments.3. Results
3.1. Oligomeric structure
The oligomeric structure of the archaeal ProRSs was deter-
mined by two independent methods: size exclusion and HPLC
Size Exclusion Chromatography/Laser Light Scattering. Size
exclusion chromatography of M. jannaschii ProRS (calculated
mass of 53.3 kDA) and ofM. thermautotrophicus ProRS (calcu-
lated mass 55.7 kDa) on a calibrated Shodex 803.5 column gave
peaks with apparent molecular mass of 105 and 113 kDa,
respectively (Fig. 1). This indicates that under our experimental
conditions the two methanogen ProRS enzymes behave as a2
dimers. This result was conﬁrmed by SEC-Light scattering
(data not shown). Using this technique,M. thermautotrophicus
ProRS eluted from the Superdex 200 column in two monodis-
perse peaks corresponding to macromolecules with average
molecular weights of 117 kDa (major peak) and 227 kDa (min-
or peak). The minor peak represented 6% of total protein.
Based on the calculated molecular weight of the monomer,
the predominant peak corresponds to an a2 dimer in these
solution conditions. These conclusions are in agreement with
crystal structure [23], which indicates the presence of a dimer
with a 2200 square A˚ surface area per monomer for theM. ther-
mautotrophicus ProRS.
3.2. tRNA:ProRS stoichiometry
The number of tRNA molecules bound per dimeric ProRS
was determined by two complementary approaches: a methodLog (Mw)
Fig. 1. Determination of the oligomeric structure ofM. jannaschii and
M. thermautotrophicus ProRSs by gel ﬁltration. The calibration curve
was obtained by injection on the Shodex 803.5 column of aldolase
(158 kDa), BSA (67 kDa) Ovalbumin (43 kDa) and chymotrypsinogen
A (25 kDa). The elution coeﬃcient Kav was found to be proportional
to the log of the molecular weight of the injected molecules: Kav =
5.72–0.94 · log(Mw), with a R factor equal to 0.9. The calculated
molecular weights were 105 kDa (Ve = 9 ml) for M. jannaschii ProRS
and 113 kDa (Ve = 8.9 ml) for M. thermautrophicus ProRS.
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and by titration with a ﬁlter binding assay (Fig. 2C). In the
continuous variations method [20,21] decreasing concentration
of tRNAPro (50–0 lM) and simultaneously increasing concen-
tration of M. jannaschii ProRS (0–50 lM, concentration refers
to one monomer) were used, so that the sum of tRNA and
enzyme (counted as monomer) was always equal to 50 lM.
Gel retardation allowed quantiﬁcation of the fraction of 32P-
labeled tRNAPro complexed with the enzyme. A single band
shift was obtained. Plotting the concentration of tRNA in
the shifted band as a function of mole percent of tRNA
reaches a maximum at a value corresponding to the stoichiom-
etry of the complex. Binding conditions other than the one that
corresponds to the peak represent conditions in which eitherFig. 2. tRNA Stoichiometry of the tRNAPro:M. jannaschii ProRS
complex. [32P]-tRNAPro transcript and M. jannaschii ProRS were
mixed at the ratios indicated and incubated at room temperature for
15 min (ratio was calculated as the fraction of tRNA versus ProRS
monomer). After addition of glycerol, the reaction was loaded on a
native 5% polyacrylamide gel. (A) Gel-retardation of theM. jannaschii
tRNAPro transcript by M. jannaschii ProRS. (B) Plotting of the
concentration of tRNA in the complex versus the percentage of tRNA
in the reaction mixture shows a peak at approximately 30% tRNA,
indicating a ratio of 1 tRNA to 2 ProRS monomers. (C) Titration of
M. jannschii ProRS present at either 0.5 lM (d), 1 lM (j) or 2 lM
(r) by [32P]-tRNAPro (0–20 lM) in a ﬁlter binding assay also suggested
a 1 tRNA to 2 ProRS monomers ratio.the tRNA or the enzyme is limiting. We found the peak
occurred when about 30% of tRNAPro was complexed
(Fig. 2B). Knowing that ProRS is a dimer (thus counting for
two thirds of the complex) we may conclude that the stoichi-
ometry of the complex is one tRNA per dimeric ProRS. In
order to conﬁrm our data, we performed a titration of the
enzyme with [32P]tRNAPro. ProRS concentration was main-
tained constant at 0.5, 1 or 2 lM and the tRNA concentration
varied from 70 nM to 20 lM. The tRNAPro:ProRS complex
was retained on a cellulose ﬁlter and the unbound tRNA
was retained on a nylon ﬁlter. The plateau shown in Fig. 2C
represents the maximum of tRNAPro molecules retained in
the complex with the dimeric ProRS. Using two diﬀerent tech-
niques, a one tRNAPro molecule per dimeric ProRS stoichio-
metry is a possible interpretation for our data.
3.3. Active site titration
Because we could establish that the ProRS is a dimeric en-
zyme that binds one tRNA at a time, we had to investigate
whether both active sites of the enzyme are fully functional.
The active site titration reaction monitors the formation of
the prolyl-adenylate in presence of ATP and [14C]proline
(Fig. 3). In absence of tRNA the reaction stops; it is then pos-
sible to isolate the aminoacyl-adenylate:enzyme complex on a
nitrocellulose ﬁlter. Knowing the speciﬁc activity of the amino-
acid used, one can determine the fraction of the active site able
to catalyze the ﬁrst step of the aminoacylation reaction. We
could consistently calculate that for both freshly prepared
M. jannaschii ProRS and M. thermautotrophicus ProRS only
50% of the sites are active. A possible interpretation for this
result is that only one active site is functional per dimer.
3.4. Binding of M. jannaschii tRNAPro transcript to
M. jannaschii ProRS
Since certain aminoacyl-tRNA synthetases contain auxiliary
non-speciﬁc RNA binding domains [19], we tested the possibil-
ity of such a role for the carboxy-terminal extension of M.
jannaschii ProRS. Kinetic parameters for aminoacylation of
tRNAProUGG transcript by either the wild-type ProRS or a trun-
cated ProRS missing the last 50 amino acids were comparedTime (min)[
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Fig. 3. Active site titration of M. jannaschii ProRS. Saturation by
radiolabeled prolyl-adenylate of M. jannaschii ProRS present at either
1 lM (j), 2 lM (r) or 3 lM (d) allowed titration of the active sites
present in the pure enzyme preparation. Determination of the ratio
of active sites determined by this method to the concentration of pure
M. jannaschii ProRS (determined by Bradford assay) suggests reacti-
vity of one active site per dimeric ProRS.
6020 A. Ambrogelly et al. / FEBS Letters 579 (2005) 6017–6022(Table 1). Truncation of the carboxy-terminal extension af-
fected the turnover rate of the enzyme, but had no eﬀect on
the aﬃnity to the tRNAPro. This result was conﬁrmed by com-
paring the dissociation constants of the two enzymes for the
radiolabeled M. jannaschii tRNAPro transcript (Table 1). The
KD determined by ﬁlter binding and gel shift experiments
showed no decrease in binding eﬃciency for the tRNAPro.
3.5. Nucleotides involved in RNA:protein interaction
Direct and speciﬁc recognition of the anticodon triplet by
archaeal type ProRS has already been established by biochem-
ical and structural analyses [24,25]. The crystal structure ofPr
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Fig. 4. Aminoacylation of a series of tRNAPro transcripts mutants by
M. jannaschii ProRS. (A) A set of acceptor stem mutants of M.
jannaschii tRNAPro. The nucleotides in bold and italics indicate the
position of the mutation(s) incorporated into each of the tRNAProUGG
transcripts. (B) Eﬀect on aminoacylation initial velocity of mutations
in tRNAPro transcripts at bases pairs 27–43 and 28–42 : MJ1 (d), MJ2
(j), MJ3 (m) and MJ4 (r) (ﬁrst panel), 29–41 : MJ5 (d) and MJ6 (j)
and 30–40 : MJ7 (m) (second panel) when compared to wild-type
tRNAPro (s).T. thermophilus ProRS complexed with its cognate tRNA sug-
gested additional contacts of the upper part of the anticodon
stem with the enzyme [25]. While nucleotide C28 contacts the
enzyme via the tRNA phosphate backbone, G43 makes direct
base speciﬁc interaction with T. thermophilus ProRS [25].
Footprint analysis performed in our laboratory between M.
jannaschii ProRS and tRNAPro transcript using Fe2+-EDTA
technique [19] also reveal, in addition to the expected contacts
with the anticodon triplet, protection of nucleotides 28 and 29
(data not shown). We therefore mutated some of the nucleo-
tides in the tRNAPro proposed to be in close contact with
the enzyme. Formation of GC or CGWatson–Crick base pairs
(Fig. 4A, MJ1 and MJ3) in place of either one or two GU wob-
ble base pairs (27–43, 28–42) present in the tRNAPro wild-type
had a modest eﬀect on the acceptor ability of the tRNAs
(Fig. 4B). A more severe eﬀect was noticed upon replacement
of the GU base pairs by AU base pairs (Fig. 4A, MJ2;
Fig. 4B). Reversing the Wobble base pairs (Fig. 4A, MJ4)
resulted in a loss of more than 80% of the activity of the tRNA
substrate (Fig. 4B). Mutation of the G29–C41 base pair to
C29–G41 (Fig. 4A, MJ5) was less detrimental than to A29–
U41 (Fig. 4A, MJ6; Fig. 4B). Finally, mutation of the G30–
C40 base pair to A30–U40 (Fig. 4A, MJ7) resulted in a loss
of about 60% of the activity of the tRNAPro (Fig. 4B).
The most signiﬁcant loss of aminoacylation activity was
observed for the tRNAPro transcripts where G43 has been
mutated (MJ2 and MJ4). The eﬀect noticed upon mutation
of G43 may result form the disturbance of the base speciﬁc
interaction between this nucleotide of the tRNA and the
M. jannaschii ProRS as previously observed between T. ther-
mophilus ProRS and its cognate tRNA [25]. The rather good
conservation of G43 amongst archaeal tRNAPro lends further
support for a speciﬁc recognition of this nucleotide by archaeal
type ProRSs. Some of the other observed eﬀects may also
result from the distortion of the anticodon helix indirectly
aﬀecting recognition of G43 or possible phosphate mediated
backbone contacts.4. Discussion
The crystal structures of the T. thermophilus, M. jannaschii
and M. thermautotrophicus ProRS enzymes as apo-enzymes
or in a complex with either tRNA, prolyl-adenylate or Pro-
AMS provided insight into the enzymatic mechanism under-
lying the formation of prolyl-tRNA [23,25,26]. Important
conformational changes occur around the active site upon
proline binding and activation, likely leading the way to a
productive binding of the tRNA [26]. The acceptor helix
and 3 0 terminal CCA end positions itself in order to receive
the amino acid only after two mobile loops (the proline bind-
ing loop and motif 2 loop) have sealed the active site. This
induced-ﬁt mechanism is proposed to increase ﬁdelity in the
aminoacylation reaction, and hence explains the lack of an
editing domain otherwise present in bacterial-type ProRSs
[26]. However, cysteine and alanine evade this speciﬁcity
mechanism, leading to the formation of misacylated tRNAPro
[17,23]. While the crystal structures provide a wealth of infor-
mation on the enzymatic mechanism, none of the structural
data can account for the observed ProRS functional dissym-
metry. The crystal structures of T. thermophilus ProRS and
M. thermautotrophicus ProRS show a prolyl-adenylate and
A. Ambrogelly et al. / FEBS Letters 579 (2005) 6017–6022 6021prolyl-adenylate analogue in each of the two active sites of
the enzyme, which is in disagreement with our results. This
discrepancy between the structural approach and biochemical
measurements was already observed in the case of the class II
lysyl-tRNA synthetase [4]. The crystal structure of the E. coli
enzyme shows a lysyladenylate in each active site, while pre-
cise thermodynamic measurements indicate that there is an
anticooperativity eﬀect between the two actives sites of the
enzyme [4,27]. In the case of the crystal structure, high sub-
strate concentration could possibly account for the observed
diﬀerence [4]. Inversely, the crystal structure of the T. thermo-
philus enzyme complexed with tRNAPro provides support for
the tRNA:enzyme stoichiometry observed in this study. The
structure shows only one tRNA bound to the dimeric ProRS
[25]. While the structural work does not oﬀer any explanation
for this observation, it might provide a hint. The crystal
structure reveals that the nucleotides at the top of the antico-
don stem and more particularly G43 bind to one subunit
while the rest of the tRNA molecule binds to the second
ProRS subunit [25]. It is tempting to propose that the
cross-subunit mode of tRNA binding might be responsible
for subtle conformational changes in the second subunit,
and hence could explain the observed anti-cooperative eﬀect
between the two tRNA binding sites.
We investigated a possible role in tRNA binding for the
archaeal-type ProRS carboxy-terminal extension. Truncation
of the carboxy-terminal extension of M. jannaschii ProRS
did not display any eﬀect on tRNA aﬃnity, implying no such
role for this domain. Although the M. jannaschii ProRS car-
boxy-terminal extension diﬀers from the one of most of the
archaeal ProRSs in lacking a zinc-binding site, it seems likely
that they all share a common function. One possible function
for the carboxy-terminal domain in archaeal ProRSs might be
to mediate interactions with other tRNA synthetases. It was
very recently shown that the M. thermautotrophicus ProRS
forms a complex with the leucyl-tRNA synthetase and that this
complex increases the aminoacylation eﬃciency of the ProRS
[28]. Given the position of the archaeal type ProRS carboxy-
terminal extension, bending back to the active site, interaction
with the LeuRS could explain the positive eﬀect on the ProRS
aminoacylation eﬃciency. The archaeal-speciﬁc domains 1 or 2
of the LeuRS would make matching candidates for such an
interaction [29].
Determination of additional crystal structures and rapid
kinetic analyses should shed more light in the future on the
molecular basis for subunit asymmetry and its possible physi-
ological relevance. The role of the carboxy-terminus of ProRS
remains to be elucidated although a role in assembly of an
archaeal multisynthetase complex is an attractive option.
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